Abstract
Introduction
One way of obtaining fine particles from liquid is to first make the liquid into fine droplets, then remove the solvent by drying or other procedures to obtain solid particles. Typical methods of atomizing liquids include those using pressure energy such as binary nozzles and nebulizers, and methods that apply mechanical vibration energy, such as ultrasonic spraying and vibrating orifices. By contrast, electrostatic atomization [1, 7] applies electrical energy to liquid at the nozzle tip, thereby breaking the liquid column at the nozzle into fine droplets. Although it is possible to vary the size of the produced droplets from the submicrometer level to several millimeters, and to obtain droplets of a comparative monodispersion, there is currently little promise of increasing its processing capacity. The inf luence of a liquid's surface tension and its electrophysical characteristics on the electrostatic atomization is very large. For example, there are few reports to use solutions with high conductivity or high viscosity [12] .
There are an interfacial reaction [3] and a membrane emulsion as the method to produce spherical particles from solutions [4] . For the interfacial reaction, silica particles are produced by mixing water glass (a sodium silicate solution) into benzene, and then solidifying at the droplet interface. As droplet fusion and dispersion occur at both the droplet formation stage and the solidification stage, it yields particles with a broad size distribution. Membrane emulsion yields a monodispersion of spherical silica by passing water glass through an inorganic membrane treated hydrophobic, and making droplets of a uniform size. However, it is a complicated procedure that has difficulty delivering particles bigger than 10 µm. There are reports by Sato et al. [8, 9] on making silica particles by electrostatic atomization, but they offer little discussion on the effects of physical properties of liquid.
We therefore used water glass with high conductivity and high viscosity to explore the inf luence of their physical properties, supply f low rate, and applied voltage on electrostatic atomization, and examined the conditions for making spherical silica particles of uniform size in the several hundred µm range.
Materials and Methods
An aqueous solution of sodium silicate, known as water glass (water glass no. 3, made by Fuji Chemical Co., Ltd.) was used. Water glass no. 3 contains 29% silicon in the form of SiO 2 , and its SiO 2 /Na 2 O molar ratio is 3.2. Pure water was added to the water glass to change the physical characteristic values of the aqueous solution. The surface tension of the solution was measured with a Wilhelmy tensiometer (CBVP-A3, Kyowa Science Co., Ltd.), viscosity coefficient with a cone and plate type viscometer (ED, TOKIMEC INC.), and conductivity with a conductivity meter (ES -12, Horiba, Ltd.). Table 1 shows that adding more pure water brings a linear decrease in surface tension, and an exponential decrease in the viscosity coefficient, while conductivity maximized at the condition added 40 vol.% pure water. This can be explained by the declining concentration of sodium silicate (water glass) and the attendant change in dissociation.
Droplets were formed by the nozzle (N) in the schematic diagram of the experimental apparatus as shown in Fig. 1 . It was a stainless steel pipe with an outside diameter of 0.7 mm and an inside diameter of 0.4 mm. Its tip was polished and finished to a 90°a ngle. Facing the nozzle was the earth electrode (E), a brass disk 60 mm in diameter and 2 mm thick. In its center was a 10 mm hole that allowed atomized droplets to pass through. The earth electrode was 6 mm away from the nozzle tip. A high-voltage power supply (HV; model HEOPS -10B2-PV made by Matsusada Precision) was used to apply a positive or negative DC voltage between the nozzle and the earth electrode. To prevent electricity leakage, we used a microfeeder (JP-S, Furue Science) to supply silicone oil (KF-96-100CS, Shin-Etsu Chemical Co., Ltd.) to To remove the sodium from the water glass particles solidified in the alcohol (solid particles of sodium silicate), they were separated from the alcohol and then immersed for 5 min in a 500 mol/m 3 aqueous solution of dilute sulfuric acid. We used an optical microscope to count out over 200 of the silica particles thus made, and determined their particle size distribution. To find the mean size we calculated the mean volume diameter on a number basis from counted data.
Results and Discussion

Solution to Capture Water Glass Droplets
Water glass becomes silica particles after reactions to remove water and sodium. Accordingly, we experimented with a method of removing water and sodium by dripping the atomized water glass droplets directly into a 500 mol/m 3 aqueous solution of dilute sulfuric acid. Water glass reacted rapidly with the dilute sulfuric acid and immediately solidified, but it flocculated instead of becoming spherical particles, probably because of the low interfacial tension between water glass and dilute sulfuric acid. We therefore decided to obtain spherical silica particles by forming an inter- sometimes destroyed when interior water exits, further study will be necessary for choosing an appropriate capture solution.
Effect of Applied Voltage
Silica particles were produced when a positive high voltage applied on the nozzle with grounding the opposed electrode. The relationship between the mean volume diameter and applied voltage shows Fig. 3 . Zone A, where applied voltage ranged up to 4.6 kV, was an electrostatic drip zone where the size of the droplets gradually decreased as applied voltage rose. At 4.6 kV zone A suddenly became zone B, a uniform cone-jet zone where small droplets were produced. Electrostatic force caused by the electric charge accumulated on droplet surfaces, overcame surface tension, and allowed the formation of uniformly sized small droplets. We observed at this point that droplets emerging from the nozzle tip were stretched into cone shapes called Taylor cones [10] . This uniform cone-jet mode continued at about 5.0 kV at the f low rate of 0.13 ml/min, and at around 5.2 kV with a large f low rate of 0.32 ml/min. Further increasing the applied voltage, we noted a discharge atomization mode where the current amount suddenly increased (zone C). Average particle size was someface with the water glass, removing water and solidifying with alcohol, which has a dehydration effect, and then immersing the particles in 500 mol/m 3 aqueous solution of dilute sulfuric acid to remove sodium.
Methanol, ethanol, and 2-propanol were tested to select an alcohol suited to solidifying particles while keeping them spherical. Photomicrographs in Fig.  2 were taken of the captured silica particles. We were unable to obtain spherical particles with 2-propanol (Fig. 2a) or ethanol (Fig. 2b) . Using methanol yielded the most spherical particles (Fig. 2c) . Sato et al. [9] used a 60 vol.% solution of ethanol when making silica particles from water glass no. 3. Particles dehydrated and solidified with methanol are almost concentric circles as in Fig. 2c . Dehydration and solidification begin at a droplet's surface, with interior water exiting later, which is likely what gives the particles their hollow centers, and therefore their concentric circle configuration. Particles made with 2-propanol appear to have solid centers in the photomicrograph. It would seem that when water exits slowly and solidification proceeds unhurriedly, particles without hollows are obtained even though droplet shape cannot be retained, but when solidification is rapid, one can obtain spherical, hollow silica particles. However, because hollow particles in the making are 240 KONA No.20 (2002) ed our attention exclusively to the uniform cone-jet mode.
Next we investigated the effect of the polarity of the voltage applied to the nozzle. When a positive voltage was applied, uniform cone-jet atomization was observed across the range from 4.6 to 5.2 kV, but applying a negative voltage yielded different results. When applying 4.6 kV there was an immediate transition from zone A to zone C, and we observed no uniform cone-jet atomization. Mori et al. [2] and Sato et al. [8] reported that it is easier to achieve uniform cone-jet atomization when applying a positive voltage than when applying a negative voltage, which agrees with our results. We conjecture the reason is the difference between positive and negative discharge characteristics when a corona discharge arises between the nozzle tip and the earth electrode disk as electrostatic atomization proceeds. Specifically, when there is a positive electrode corona discharge, nitrogen and oxygen atoms are ionized and move toward the earth what larger in this zone because under these conditions some of the droplets were large, but the wider particle size distribution produced a clear distinction between zones B and C. As can be seen from the particle size distributions of these two zones (Fig. 4) and the photomicrographs of zone B (Fig. 2c ) and zone C (Fig. 5) , there was a very narrow particle size distribution at 4.8 kV, at which the uniform cone-jet mode arose (zone B), while the distribution was very broad at 5.5 kV, where discharge atomization proceeded (zone C). Because the purpose of this research was to obtain silica particles of uniform size, we then turn- decreased, the uniform cone-jet zone narrowed. When the f low rate was 0.06 ml/min, the lowest in our experiment, uniform cone-jet atomization occurred between 4.6 and 4.8 kV in Sample 31, and between 4.5 and 5.0 kV in Sample 33.
At a 5 kV applied voltage, the size distribution of silica particles narrowed as the f low rate increased as shown in Fig. 7 . But when the f low rate was reduced, average particle size decreased while the distribution broadened. The reason appears to be that decreasing the f low rate makes it hard to control, and even a small variation in flow rate has a big effect on atomization.
Addition of Pure Water
We manufactured silica particles from an aqueous solution whose ratio of water glass to pure water was varied while maintaining a 5 kV applied voltage and a 0.13 ml/min f low rate. Fig. 8 shows that undiluted water glass (Sample 30) yields a two-peak distribution. As the amount of added water increased, mean particle diameter decreased and the distribution narrowed. One way to obtain small silica particles is to reduce the f low rate, but it is also effective to use water glass whose viscosity has been attenuated by adding water.
As water content increases, it is anticipated that droplets will contract more during dehydration. To investigate the contraction rate of droplets when turning into particles, we made a comparison by conducting an experiment in which atomized droplets were captured directly by silicone oil. When using a water electrode, but under a negative electrode corona discharge, highly mobile electrons themselves move, resulting in dielectric breakdown and difficulty in obtaining a stable corona discharge.
The following equation provides the strength of the electric field between the nozzle and disk [11] .
When 5 kV were applied under the electrode conditions in Fig. 3 , the electric field strength at the nozzle's tip, E 0 , was calculated to be 6.7 MV m Ҁ1 , which was greater than the 3 MV m Ҁ1 dielectric breakdown strength of air. Thus electrostatic atomization is presumably difficult with negative high voltage. Results discussed below were obtained by applying positive high voltage.
As Fig. 6 shows the effects of applied voltage and volumetric f low rate on the mean volume diameter of silica particles, the high-viscosity Sample 31 yielded large silica particles whose sizes decreased only slightly when a high voltage was applied. But Sample 33, whose viscosity was one-fourth that of Sample 31, was heavily affected by applied voltage. In all samples, particle size was less affected by applied voltage at smaller f low rates. distilled water, ethanol, and an aqueous glycerin solution. Ogata et al. [5, 6] derived a correlation equation using distilled water, ethanol, propanol, and an aqueous glycerin solution for a solution up to 130 mPa s. Further, Yamaguchi et al. [13] made atomized droplets using an aqueous solution of calcium chloride, an aqueous solution of glycerin, and a solution made by adding liquid paraffin and/or an antistatic agent to xylene, and described the relationship between droplet size and physical properties. Although they propose a dimensionless correlation equation, a direct comparison is difficult because the dimensionless quantity differs from one researcher to another. For that reason we made the following simplification to compare Eq. 2 with the dimensionless correlation equations proposed heretofore. As our experiment used only one nozzle, the ratio of its inner and outer diameters was fixed. Although we did not measure permittivity, we made its contribution constant under the assumption that its value would not change very much due to the large amount of water. Using these assumptions, we summarized the dependency of physical properties in Table 2 using dimensionless correlation equations in previous reports. There is no value for conductivity in the data from Mori et al. [2] because they did not include it. The dependence on physical property values exhibits considerable differences among ours and the previous four reports. Conductivity was especially large in our study: while it was under 0.2 S m Ҁ1 in the previous reports, it was in the high range of 3 to 4 S m Ҁ1 in our study. Also, we examined the correlation with the glass solution to which 10 vol.% pure water had been added (Sample 31), diameter contracted 5.8%, and with a water glass solution to which 30 vol.% pure water had been added (Sample 33), contraction was 7.8%. Far greater than this change was the change in average particle diameter, thereby demonstrating that physical properties of a solution are the larger inf luence.
Estimating the Diameter of Particles
Formed Substantial changes occurred in atomization by diluting water glass with pure water, but because some physical properties of the solution also change simultaneously, it is unknown which physical property has the largest inf luence. For that reason we performed a multiple regression analysis for flow rate, applied voltage, surface tension, viscosity coefficient, and conductivity using the data for the uniform conejet mode under conditions of a 0.06 to 0.32 ml/min f low rate, and a 4.5 to 5.8 kV applied voltage. The analysis yielded the following correlation equation. size of particles formed. Specifically, particle diameter was 5 to 10% smaller than droplet diameter, and the shrinkage factor was dependent on the amount of water added. For this reason, it would seem there is a slight difference between the correlation with droplet diameter in previous reports and the correlation in our case. Because Eq. 2 is an empirical equation, it is inappropriate for understanding the phenomenon, and we therefore derived a dimensionless correlation equation from Eq. 2. Assuming that a relative permittivity of the solution is constant, we found the following dimensionless correlation equation with the dimensionless quantity used by Yamaguchi et al. [13] .
҃3.83҂10 Ҁ9
Ҁ0.917 0.65 0.382
The multiple correlation coefficient was slightly worse, at 0.977. Comparison with the dimensionless quantity range of Yamaguchi et al. [13] produces a considerably different conductivity range as discussed above, so the index of the fourth dimensionless quantity in Eq. 3 is different. Further, the index of the dimensionless quantity including u was also different to adjust the dependence of flow velocity u. Judging from this, obtaining a general equation to estimate the droplet diameter in electrostatic atomization would require the accumulation of further data on different physical properties.
Conclusion
We added various amounts of pure water to a solution of water glass with high conductivity and high viscosity to change the solution's physical properties and investigated electrostatic atomization, and arrived at the following conclusions.
KONA No.20 (2002) 1) As applied voltage was increased, the electrostatic drip mode, uniform cone-jet mode, and discharge mode were observed. It was in the uniform cone-jet mode that droplets of uniform size were obtained.
2) When the DC high voltage applied to the nozzle was positive, we observed uniform cone-jet atomization, but making it negative caused a direct shift from electrostatic drip mode to discharge mode, with no uniform cone-jet atomization observed.
3) When the applied voltage increased, the high electric field strength at the nozzle tip resulted in a higher frequency of droplet ejection and a smaller mean volume diameter, but the effect of the applied voltage on the particle size was small. 4) Decreasing the f low rate reduced mean volume diameter, but it was necessary to increase f low rate to obtain silica particles with a narrow size distribution. 5) Diluting the water glass with pure water resulted in silica particles having a small mean volume diameter and a narrow particle size distribution. 6) Based on the results of this study, we obtained the following empirical equation estimating to the mean volume diameter of the silica particles formed. Power indexes of physical properties of sample solution and of operating conditions for the empirical correlation to the size of particles produced by electrostatic atomization. Our results are compared with those of four previous studies.
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